Elongator complex has been associated with hyperphosphorylated RNA polymerase II and is known to play critical roles in transcriptional elongation, as well as in tRNA modification and exocytosis. However, the specific mechanism of how human Elongator complex regulates cell growth and cell cycle remains unclear. To investigate the composition of human Elongator complex and its effects on cell growth, 293T cells were established that stably overexpressed Flag-Elp3 and Flag-Elp4. By using anti-Flag M2 antibody-bound resin, a core Elongator complex was purified from cells that stably overexpressed Flag-Elp3. No Elongator complex was purified from cells stably transfected with pFlagCMV4-Elp4. Interestingly, the cell growth was inhibited in 293T cells transfected with pFlagCMV4-Elp3. Flow cytometry analysis showed that most of the cells stably overexpressing Flag-Elp3 were found in G 1 stage, indicating a role of the core Elongator in the G 1 checkpoint for the regulation of cell cycle. We observed increased basal transcription and remarkably enhanced transcription stimulated by VP16 in 293T cells overexpressing Flag-Elp3. The transcription could also be synergistically activated by overexpressing both Elp3 and Elp4. Taken together, our results suggested that the core Elongator complex formed by Elp1, Elp2, and Elp3 was rather stable, whereas Elp4, Elp5, and Elp6 might loosely contact and work together with the core Elongator to regulate cell functions.
Introduction
Transcription processes are composed of initiation, elongation, and termination. Before initiation of transcription, general transcription factors assemble at the promoter, recruiting RNA polymerase II (RNAPII) and forming a pre-initiation complex. Following promoter clearance and initiation of transcription, the RNAPII is phosphorylated while initiation factors disassembling from the RNAPII. Some of the transcription factors remain bound to the phosphorylated RNAPII during elongation. Elongator is such a factor that was originally purified from elongating and phosphorylated RNAPII from yeast [1] . Three elongating proteins/polypeptides, termed Elp1, Elp2, and Elp3 that form Elongator complex, were initially identified from chromatin and are known to facilitate transcription [1 -3] . Elongator complex has also been shown to be an unstable sixsubunit complex, termed holo-Elongator, which can dissociate into two discrete three-subunit subcomplexes. One subcomplex is the previously identified Elp3-containing core Elongator complex, and the other is a small complex that is composed of Elp4, Elp5, and Elp6 [4 -6] . Elp3 possesses histone acetyltransferase (HAT) activity that is directed toward all four core histones. In a gel-based HAT assay, Elp3 was shown to assist RNAPII during transcript elongation through chromatin [7] . In contrast to the isolated Elp3 subunit, the activity of intact Elongator complex is directed specifically toward the N-terminal tails of histone H3 and H4, and the levels of multiply acetylated histone H3 and H4 in chromatin are decreased in yeast cells lacking Elp3 [8] . Besides the catalytic activity of Elp3 subunit in core Elongator complex, the non-catalytic Elp4, Elp5, and Elp6 subunits were also required for Elongator HAT activity and were reported to have regulatory functions [8, 9] . Elongator complex isolated from human cells showed similar characteristics as its yeast counterpart [9, 10] . This provided additional support for the ideas that Elongator and RNAPII functionally interact, and that Elongator is involved in histone acetylation and transcription. A study using RNAi strategy to deplete Elongator subunit IKAP (hElp1) in human cells has linked impaired transcription and cell migration with Familial dysautonomia [11] . In addition to transcription, Elongator is also involved in tRNA modification (at least in yeast) and in exocytosis [12] [13] [14] . Studies using Elongator mutants from yeast, plant, and Elongator-depleted human cells have helped us to understand the intriguing Elongator-dependent pathways and their biological relevance [7, [15] [16] [17] . However, the direct evidence of how human Elongator subunits form stable complexes within in vivo cell environment and how human Elongator complex regulates cell growth and function is still lacking.
To further characterize the composition and functions of human Elongator complex, we have performed Elongator function studies by overexpressing Elp3 and Elp4 in 293T cells. Our results indicated that the Elp3-containing core Elongator suppressed cell growth in 293T cells.
Materials and Methods
Plasmids, cell lines, and reagents The plasmids pFlagCMV4, pFlagCMV4-Elp3, and pFlagCMV4-Elp4 were gifts from Dr Danny Reinberg (University of Medicine and Dentistry of New Jersey, New Jersey, USA). 293T human embryonic kidney cells were obtained from the lab of Department of Cellular and Molecular Biology of Suzhou University and maintained in MEM medium (Gibco-BRL, Gaithersburg, USA) supplemented with 10% fetal bovine serum (Sino-American Biotechnology Co., Shanghai, China). The Annexin-V-FITC/PI apoptosis detection kit was purchased from BD Biosciences (Franklin Lakes, USA). The kit for dual-luciferase reporter system was purchased from Promega (Madison, USA). The Flag peptides and antibodies against Flag M2 were purchased from Sigma (St Louis, USA). The antibodies against Elp1 and Elp2 were gifts from Dr Danny Reinberg.
3-(4,5-Dimethylthiazol-2-yl)-2,3-diphenyltetrazolium bromide (MTT) was purchased from Sigma.
Cell culture, transfection, immunoprecipitation, and western blot analysis A total of 2 Â 10 5 293T cells were seeded into each well of a 24-well plate. When the cells reached 70-80% confluence 1 day later, they were transfected with the appropriate plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, USA) according to the manufacturer's protocol. Stable transfection was performed to establish 293T cells stably expressing Elp3 and Elp4 by using G418 selection. 293T cells were transfected with pFlagCMV4-Elp3 and pFlagCMV4-Elp4 expression plasmids, respectively. Empty vector pFlagCMV4 was used as a negative control. The transfected cells were cultured in MEM medium with 400 mg/ml of G418 for 4 weeks before harvesting and expression analysis to assure integration of target genes. The 293T cells were harvested, washed, and sonicated in LAC buffer (10% glycerol, 20 mM HEPES, pH 7.9, 50 mM KCl, 0.4 M NaCl, 1 mM MgCl 2 , 0.1 mM dithiothreitol, 0.1 mM EDTA, 9 mM CHAPS, 0.5 mM phenylmethylsulfonyl fluoride, and 10 mM aprotinin and leupeptin) and then centrifuged at 60,000 g. The total cell lysates were stored at 2808C. Approximately 1.5 mg of protein from total cell lysates was diluted with four times of the volume of TBST buffer (50 mM Tris -HCl, pH 7.5, 50 mM NaCl, and 0.05% Tween 20) and incubated with 50 ml of packed Sepharose 4B for 30 min. The supernatant was then obtained by centrifugation 100,000 g. Supernatants with Flag-tagged proteins were immunoprecipitated with 20 ml of 50% anti-Flag M2 resin, rotated for 2 h at 48C, and washed four times with washing buffer (50 mM Tris-HCl, pH 7.5, and 150 mM NaCl). The bound proteins were then eluted, fractionated by 12.5% SDSpolyacrylamide gel electrophoresis (PAGE), and transferred onto nitrocellulose membranes. Western blot analysis with antibodies was performed using standard protocol. The proteins were visualized by enhanced chemiluminescence, according to the manufacturer's instructions (Amersham Pharmacia Biotech, San Francisco, USA).
Silver staining
The protein elutes from manipulated cell lysates were normalized to each other by volume or by the number of living cells and separated on 12.5% gradient PAGE as described above. Silver staining was performed as the following: the gel was fixed in 40% (v/v) ethanol and 10% (v/v) acetic acid for 1 h, washed with water for 15 min, and then incubated two times for 30 min with 0.05% (w/v) 2,7-napfthalenedisulfonic acid disodium salt; after washing with water four times for each 15 min, the gel was incubated for another 30 min in a mixture including 0.8% (w/v) AgNO 3 , 0.34% (v/v) NH 3 , and 18 mM NaOH; the gel was developed with 0.01% (w/v) citric acid, 0.01% (v/v) formaldehyde mixture, and used 5% (v/v) acetic acid to stop the reaction; and the gel was ready for observation and analysis after washing and drying.
Cell viability determination
The effect of Flag-Elp3 and Flag-Elp4 overexpression on cell viability was evaluated by the MTT method. Yellow tetrazolium salt MTT is metabolized by mitochondrial dehydrogenases to form the final product blue formazan, metyltriazole. By measuring the activity of this mitochondrial enzyme, the cell viability could be indirectly determined. Briefly, after cell growth for 24 h, 30 ml of 5 mg/ml MTT was added to each well. Cells were then incubated for additional 2 h and 300 ml isopropanol acidified with HCl (0.04 M) containing 10% Triton X-100 was used to dissolve formed crystals by placing cells at room temperature for 14 -16 h. About 200 ml of blue formazan mixtures was then transferred to 96-well plates for analysis of the enzyme activity. The plate was then read at 570 nm using a microplate reader model 550 (Bio-Rad, Hercules, USA). The relationship between absorbance and cell number was determined by using a standard curve that was established for known cell number from previous incubation with MTT.
Cell cycle analysis by flow cytometry 293T cells stably transfected with pFlagCMV4-Elp3 or empty vector pFlagCMV4 were plated into a 6-well plate at a density of 2.5 Â 10 5 or 1 Â 10 5 cells/ml with a total volume of 4 ml. After cultured for 24 h at 378C, cells were then collected and centrifuged at 150 g for 3 min. Cell pellets were re-suspended in 100 ml of ice-cold PBS and 230 ml of ice-cold ethanol (100%) and fixed for at least 24 h at 2208C. To determine cellular DNA content, fixed cells were centrifuged at 300 g for 3 min and re-suspended in 2 ml of PBS containing 0.1% Triton X-100 and 20 mg/ml ribonuclease A (Sigma), and cells were then stained with 20 mg/ml propidium iodide (PI) (Sigma) for 30 min at room temperature [18] . Samples were analyzed by flow cytometry on Cytomics FC 500 (Beckman Coulter, Pasadena, USA) with the excitation of an argon laser at 488 nm. Emission of 20,000 events per sample was detected on FL3 (608 nm). The percentage of cells in G 1 , S, and G 2 /M phases of cell cycle and the percentage of cells in sub-G 1 peak were analyzed with Multicycle AV for Windows.
Luciferase assay
Luciferase assay was conducted on a dual-luciferase reporter system according to the manufacturer's instructions (Promega). Briefly, 293T cells stably transfected with pFlagCMV4 or pFlagCMV4-Elp3 were transiently transfected with 1 mg of experiment reporter pFRu-luc and 100 ng of control reporter pRu-luc, together with increasing amounts of pGal-VP16, 1 mg of pFlagCMV4-Elp4, or empty vector pFlagCMV4. Luciferase activity values were corrected for differences in independent transfections and were used to normalize the transfection efficiency by comparing the expression ratio with Renilla luciferase signals in the corresponding samples.
Results

293T cells stably overexpress Elp3 and Elp4
To investigate the composition of human Elongator and its biological role, 293T human embryonic kidney cell line was used to establish three cell lines, which were stably transfected with pFlagCMV4-Elp3, pFlagCMV4-Elp4, and the empty vector of pFlagCMV4. As illustrated in Fig. 1(A As illustrated in Fig. 1 , clone 5 of pFlagCMV4-Elp4 and clone 4 of pFlagCMV4-Elp3 showed moderate expression of Flag-Elp4 and Flag-Elp3, respectively. These two clones are therefore selected as the representatives for the following studies such as purification of Elongator complex, transcription assay, and the analysis of cell growth and cell cycle progression.
Isolation of proteins associated with Elp3 and Elp4
The anti-Flag M2 antibody-bound resin was used to precipitate and isolate Flag-tagged Elp3 and Elp4 with their associated proteins from 293T cells that stably expressed Flag-Elp3 and Flag-Elp4. The resin-bound proteins were subjected to extensive washing (to remove the unbound proteins) and eluted with Flag peptides. After applying these eluted proteins to SDS -PAGE separation and silver staining, only one protein band was observed in the gel from the cells overexpressing Flag-Elp4 [ Fig. 2(A) [10] , and Flag-tag [ Fig. 2(B) ] Western blot analysis was carried out with antibodies against Elp1, Elp2, and Flag M2. In pFlagCMV4-Elp4-transfected clone, only Flag-Elp4 was detected; and in pFlagCMV4-Elp3-transfected clone, Elp3 was detected as well as Elp1 and Elp2. Lanes 4 -7, elution dilutions from pFlagCMV4-Elp3-transfected clone; lanes 8 -11, elution dilutions from pFlagCMV4-Elp4-transfected cell line; and lane 12, pFlagCMV4-transfected clone as control.
M2 antibody were in similar molar ratio [ Fig. 2(B) , lanes [4] [5] [6] [7] , confirming the composition of core Elongator by Elp1, Elp2, and Elp3. However, no Elp4 was detected as a component of the core Elongator. Similarly, no Elp1, Elp2, or Elp3 was eluted from the cell line overexpressing Flag-Elp4 by western blot analysis with anti-Flag M2 antibody [ Fig. 2(B), lane 8-11 ], indicating that Elp4 is separated from the core Elongator. Immunoprecipitation was also carried out by using lysate of cell line stably transfected with empty vector of pFlagCMV4 as a negative control [ Fig. 2(B), lane 12 ].
Elp3 suppresses cell growth in 293T cells
As shown in Fig. 2 , Flag-Elp3 complexed with native Elp1 and Elp2 and formed the core Elongator. To investigate how Elongator complex affects cell growth, MTT analysis was performed with 293T cells that were transfected with pFlagCMV4-Elp3 [ Fig. 1(B Fig. 1(B) ] were also checked for the cell growth assay, and the results demonstrated a similar growth inhibition as that of clone 4 (data not shown). We did not perform cell growth assay with clones of similar levels of Flag-Elp3 expression (clones 6-8) and the weakly expressed clone (clone 5). Meanwhile, clones 1, 2, 6, and 7 of pFlagCMV4-Elp4 were also examined for the effect of Elp4 on cell growth and no effect was observed as that of clone 5 in Fig. 1(A) (data not shown) . We did not study the clones without Flag-Elp4 expression (clones 3 and 4), as 293T cells stably transfected with empty vector of pFlagCMV4 were used as a negative control. These results confirm the specificity of Elp3 inhibition of cell growth. To study the putative mechanism of this inhibition effect of Elongator on cell growth, 293T cells overexpressing Flag-Elp3 were further checked by flow cytometry for the cell cycle analysis. As demonstrated in Fig. 3(B,C) , more than half of 293T cells overexpressing Flag-Elp3 were enriched in G 1 stage, whereas only 28% of the control cells were in the G 1 stage, which were stably transfected with empty vector of pFlagCMV4. The effect of Flag-Elp3 on cell viability was evaluated by MTT method. 293T cells were transfected with pFlagCMV-Elp3, pFlagCMV-Elp4 or pFlagCMV4 and cultured in 96-well plates for 24 h, and 30 ml of 5 mg/ml MTT was then added to each well and 200 ml of blue formazan mixture was transferred to each well. Cells were cultured continuously for 1-5 days, respectively, and analyzed by a spectrophotometer at a wavelength of 570 nm with background subtraction at 620 nm. The relationship between absorbance and cell number was determined by a standard curve established by previous incubation of a known cell number with MTT. As illustrated, the cells overexpressing Flag-Elp3 (square) showed much lower growth rate after 2 days culture compared with the cells transfected with pFlagCMV4-Elp4 (triangle) and pFlagCMV4 (circle). (B,C) Cell cycle analysis was done by flow cytometry. 293T cells stably transfected with empty vector of pFlagCMV4 (B) or pFlagCMV4-Elp3 (C) were plated into 6-well plates and cultured for 24 h at 378C. Cells were then fixed and stained with PI for subsequent flow cytometry analysis on Cytomics FC 500. The percentage of cells in different phases of cell cycle, the percentage of cells in sub-G 1 peak, and the apoptotic cells were summarized in (D). More than half (51.2%) of 293T cells overexpressing Flag-Elp3 were enriched in G 1 stage compared with 28% of the control cells. Only 1.4% of the cells overexpressing Flag-Elp3 were apoptotic compared with the control in which 0.4% of the total cells were apoptotic.
The apoptotic cells slightly increased in the cell line overexpressing Flag-Elp3 (1.4%) compared with the control in which 0.4% of the total cells were apoptotic [ Fig. 3(D) ]. This result suggested that Elongator also functioned in the cell cycle regulation, with little effect on apoptosis.
Elp3 enhances activated transcription
To investigate the mechanism of Elp3 on the regulation of cell cycle, in vivo transcription assay was conducted. Reporter pFRu-luc with or without pGal-VP16 (an acidic transcriptional activator) were transfected into 293T cells stably transfected with pFlagCMV4-Elp3 or empty vector of pFlagCMV4. As demonstrated in Fig. 4(A) , transcription activity was slightly up-regulated in the cells overexpressing Flag-Elp3 compared with the cells transfected with the empty vector (bars 1 and 6), suggesting that basal transcription could be mildly affected by Elp3. Then the effect of Elp3 on activated transcription was determined in the 293T cells overexpressing Flag-Elp3. When 293T cells stably transfected with the empty vector of pFlagCMV4 were transiently transfected with increasing amount of pGal-VP16, the luciferase activity was enhanced to 4 folds of the basal transcription level (bars 2-5). However, when 293T cells with stable expression of Flag-Elp3 were also transfected with increasing amount of pGal-VP16, the transcription activity demonstrated remarkable up-regulation (up to 15 folds) compared with the basal transcription level (compare bars 2-5 with bars 7-10). This result suggested a role of Elongator in the stimulation of activated transcription rather than basal transcription.
Elp4 and Elp3 synergistically activate transcription As shown in Fig. 2 
To characterize the function of Elp4, the luciferase activity was examined in different 293T cells that were transfected with pFlagCMV4-Elp3 as well as the control vector of pFlagCMV4. As shown in Fig. 4(B) , the transcription activity was barely affected by the expression of Flag-Elp4 (bar 2) compared with that of the control (bar 1), although Elp3 could slightly activate transcription by 2 folds in the cell lines stably expressed Flag-Elp3 (bar 3). However, when 293T cells stably expressed Flag-Elp3 were transiently transfected with pFlagCMV4-Elp4, the luciferase activity increased up to 6 folds activation (bar 4). This result suggested that although Elp4 did not activate transcription by itself, it might cooperate with Elp3 in the core Elongator and enhanced transcription activity.
Discussion
The Elongator complex consisted of six subunits, named holo-Elongator, was initially purified from yeast soluble whole-cell extracts [4] . Previous studies have shown controversial results as purified from human cells. Reinberg and co-workers [10] purified the Elongator complex by conventional chromatography from HeLa nuclear extracts and identified three subunits of Elp1, Elp2, and Elp3. However, by using the tandem affinity purification and the affinity chromatography, the Elp3-containing core Elongator complex and three additional polypeptides (Elp4, Elp5, and Elp6) were purified from HeLa nuclear extracts, similar to that of yeast Elongator [9] . These Elongator subunits may closely interact each other (as the subcomplex of Elp1, Elp2, and Elp3) or loosely connected (as the subcomplex of Elp4, Elp5, and Elp6) to play multiple functions within cell microenvironment. To obtain further insight of Elongator complex, 293T cells were established stably expressing two of the Elongator subunits Elp3 and Elp4. By using anti-Flag M2 antibody-bound resin, Elp3 was demonstrated to be complexed with Elp1 and Elp2, whereas Elp4 remained separated from Elongator components. Our result suggested that the complex formed by Elp1, Elp2, and Elp3 was rather stable, whereas Elp4 might be loosely connected to the core Elongator and adjust its function.
Transcription initiation and elongation require recruitment of a key enzyme, RNAPII, and are regulated by several complexes. As mentioned above, the six subunits containing holo-Elongator can be separated into two subcomplexes: the Elp1, Elp2, and Elp3 core Elongator complex and a small complex that consisted of Elp4, Elp5, and Elp6. These Elongator subunits show structural differences and may play multiple functions through various mechanisms including physical interactions between these subunits. Elp3 has HAT motifs [7] , and therefore, is the key catalytic subunit of the RNAPII Elongator complex. Many results from yeast and human cells provide significant evidence for the idea that Elongator assists RNAPII during transcript elongation, and facilitate RNAPII transcription by playing a role in chromatin remodeling and the acetylation of histones [19] . In our study, the luciferase assay demonstrated that Elp3 activated the transcription mediated by activator VP16. Although Elp4 alone did not activate transcription, Elp3 could cooperate with Elp4 and synergistically activate transcription. The exact role of the Elp4 subunit is not clear yet. Although no direct interaction was observed in our immunoprecipitation assay between Elp3 and Elp4, these Elongator subunits may still be loosely connected or interact through mediators. Elp4 may play a role in histone modification by Elp3, leading to reconfiguration of the chromatin structure.
Cell proliferation and cell death are involved in the maintenance of homeostasis in normal cell growth. The role of Elongator in the cell cycle is still unclear. The multiple cellular localization of Elongator both in the nucleus and in the cytoplasm raises the possibility that it may participate in more than one cellular process [9] . The growth of Saccharomyces cerevisiae can be inhibited by zymocin, a toxin secreted by Kluyveromyces lactis, but such growth inhibition does not occur when lacking an Elp gene [15] . It was known that Elongator is essential for zymocin toxicity and mutations that reduce the requirement for the HAT activity of TOT/Elongator increase resistance to zymocin [20] . There was also evidence that the zymocin toxicity on yeast was caused by targeting specific tRNA anticodons, whose modification requires Elongator [21] . In plant, Elongator complex has been shown to play a role in the cell division. The Elongator mutants demonstrated a reduced cell proliferation rate [16] . Cell division activity is also decreased in yeast Elongator mutants, especially Elp3 mutants display G 1 delay and are not able to continue the cell cycle [16, 22] , whereas depletion of yeast genes showed that Elp5 is essential for cell growth [6] .
In this report, growth inhibition and cell cycle effect were observed in human 293T cells that overexpressed Elongator complex. Our preliminary results suggest that proper expression level and normal function of Elongator are critical for cell proliferation and cell cycling. A various kind of factors, especially the cyclins, cyclindependent kinases (CDKs), and CDK inhibitors, have also been shown to be involved in cell cycle controlling, and Elongator complex may have effects on the transcription of these target genes and thus regulate cell cycle progression. However, there was no effect of Elp4 overexpression on cell growth, which was separated from the Elongator complex in our report. We surmised that Elp3 might affect histone modifications and, therefore, the construction of chromatin that was dynamically restructured during each mitotic cycle [23] . This will result in alteration of gene transcription and thus triggering a cell cycle regulation and the inhibition of cell growth.
